Proton transfer reactivity of isolated charge states of the protein hen egg-white lysozyme shows that multiple distinct conformations of this protein are stable in the gas phase. The reactivities of the 9+ and 10+ charge state ions, formed by electrospray ionization of "native" (disulfide-intact) and "denatured" (disulfide-reduced) (22) . We show here that, by comparison of the measured proton transfer reactivity of individual charge states to those calculated using a simple model, relatively unambiguous information about the conformation of several gas-phase lysozyme ions can be obtained.
hydrophobic, and hydrogen bonding, as well as solvent interactions, on the conformation and the dynamics of protein folding have been widely investigated (1) . The development of new ionization techniques, including matrix-assisted laser desorption/ionization (2, 3) and electrospray ionization (ESI) (4) , has made possible the formation of intact molecular ions of large biomolecules, the structures of which can be investigated both in solution as well as in the complete absence of solvent using an impressive array of mass spectrometric techniques (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) . In solution, information about protein conformation can be inferred from charge state distributions observed in electrospray mass spectra (9) (10) (11) (12) (13) , as well as from shifts in mass upon solution-phase deuterium exchange (14, 15) . In the gas phase, different protein conformations have been observed using deuterium exchange (16) (17) (18) , collisional cross-section measurements (19, 20) , and proton transfer reactions (21, 22) . A key question that remains, however, is how closely, if at all, the gas-phase conformations are related to those in solution. Accurate measurements of gas-phase conformation should greatly improve our understanding of the role of solvent in protein conformation and folding. Although the methods that have been used to date are able to differentiate gas-phase protein conformers, they have provided indirect evidence of their exact nature. We demonstrate here that relatively unambiguous information about some of these gas-phase structures can be obtained from differences in their gas-phase proton transfer reactivity. Distinct gas-phase conformations of disulfide-intact and disulfide-reduced hen eggwhite lysozyme that have dramatically different proton transfer reactivities are observed; several of these ions have con- formations that are consistent with either a fully denatured structure or with a compact form that is consistent with the crystal structure. In addition, clear evidence for protein folding in the gas phase is presented.
Electrostatic interactions have a pronounced effect on the chemistry of multiply protonated ions, including proton transfer reactivity (21) (22) (23) (24) (25) (26) (27) (28) and dissociation (29, 30) . We have shown that the proton transfer reactivity of doubly protonated 1,ndiaminoalkanes (n = 7-10, 12) (26) and the small cyclic The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact.
peptide gramicidin S (27) can be fully accounted for by the combined effects of the intrinsic reactivity of the site of protonation and a point-charge Coulomb model using an effective dielectric polarizability of 1.01 ± 0.07 and <1.2, respectively, for these isolated gas-phase ions. We have extended these measurements to isolated charge states of the protein cytochrome c, the results for which are reported elsewhere (28) . Because of the long-range 1/r distance dependence (where r is the intercharge separation), accurate measurements of Coulomb interactions should provide a sensitive probe of ion conformation. Differences in gas-phase protein ion conformation have been inferred from differences in proton transfer reactivity. Smith and co-workers (21, 22) found that reactions of all charge states of several disulfide-intact proteins with different bases in the electrospray interface region resulted in production of lower charge states than for the corresponding disulfide-reduced ions. More differences were observed for higher charge states (21) than for lower charge states (22) . We show here that, by comparison of the measured proton transfer reactivity of individual charge states to those calculated using a simple model, relatively unambiguous information about the conformation of several gas-phase lysozyme ions can be obtained.
MATERIALS AND METHODS
All experiments were performed on an external electrospray ion source Fourier-transform mass spectrometer equipped with a 2.7-T superconducting magnet (Fig. 1 
RESULTS AND DISCUSSION
ESI mass spectra of hen egg-white lysozyme solutions electrosprayed from a pure aqueous solution (disulfide-intact) and from a heated methanol/water solution containing 4% acetic acid and 0.02 M dithiothreitol (disulfide-reduced) are shown in Fig. 2 . Charge distributions of 8+ through 11 + and 9+ through 18 + were produced from these solutions, respectively; the disulfide-reduced ions were eight mass units higher, confirming that each of the four disulfide bonds was reduced. In addition, these ions should be denatured under these solution conditions. The isolated charge states were allowed to react with neutral reference bases of known GB. The apparent gas-phase basicities (GBaPP) of the (M + (n -1)H)(n-l)+ ions were assigned from the rates of proton transfer from the (M + nH)n+ ions to these bases (28) . The proton transfer rates of the disulfide-reduced and disulfide-intact ions are given in Tables 1 and 2 , respectively. The assigned values of GBaPP are given in Table 3 .
For several charge state/base combinations, an accurate fit to the data requires more than one rate constant. A similar observation has been reported for ubiquitin (23) . As an example, the data and best fit for the 9+ disulfide-intact ion reacting with triethylamine is shown in Fig. 3 Table 2 .
To obtain information about ion conformation, we compared the measured GBaPP values to those calculated using a model in which charges are localized to specific sites in the protein. The GBaPP(n, t) GBlntrinsict i (47rTo)sri,t [1] where GBIntrinsic, is the GB of a molecule protonated at site t, and the second term is the sum of all Coulomb energy experienced by the proton at that site in the multiply charged ion with n charges. These calculations have been described in (28) . Two extremes in ion conformation are modeled: a fully denatured structure is modeled as an elongated one-dimensional string in which amino acid residues are separated by 3.8 A; the native structure is modeled using the x-ray crystal coordinates (36) with charges assigned to the coordinates for the side chain nitrogens of the basic amino acids and the backbone carbonyl oxygen for all other amino acids. The GBaPP of each charge state is calculated from the lowest free-energy charge configurations found using a pseudo-random walk algorithm (35) . We assume that all charge configurations within -3 kcal/mol of the lowest energy configuration will be present in the ion cell. The calculated GBaPP we report is an average value for all these charge configurations. The number of charge configurations depends on ion conformation and charge state-e.g., for the 12+ ion in the denatured conformation, we find 11 ways to assign charge that are within this 3 kcal/mol range. Results of these calculations are shown in Fig. 4 . The calculated GBaPP for both linear and native conformations decreases with increasing charge state. This is due to both fewer available basic sites and higher Coulomb repulsion with increasing protonation. The more rapid decrease for the native conformation is due to the closer proximity of charges in the native structure.
For the 11+ through 15+ charge states of the disulfidereduced ions formed from a denaturing solution, our experimentally measured values fit those calculated for a completely denatured structure, indicating that these ions remain unfolded in the gas phase (Fig. 4) This method provides information only about the shape of the ion, analogous to the information obtained from collisional cross section measurements (19, 20, 38) . Thus, we cannot state that the folded conformation is directly related to that in solution. In fact, a key difference between the ion conformation in vacuum and that in solution is that charges are intramolecularly solvated in the gas phase, even for the high charge states (27, 28, 35) . In solution, the charged side chain residues extend into water, where they are efficiently solvated. It has been suggested that protein ions may turn "inside out" in the gas phase (39) . This would expose hydrophobic residues to the vacuum, which is an apolar medium, leaving hydrophilic or polar residues on the inside. However, such a structure is unlikely due to the unfavorable Coulomb interactions between charged polar residues, which would strongly favor keeping these residues at the exterior surface of the protein.
A second important difference between the gas-phase and solution conformations is that the number of charges and the charge distribution for a native structure in solution and a "native" structure formed by ESI in the gas phase are quite different. In aqueous solution at pH 7, all arginine and lysine residues are protonated (17 total) and all carboxylic acids are deprotonated (10 total), resulting in a net charge of 7+ (40) . In contrast, the ions in this study are formed by adding protons. In the gas phase, the absence of a high dielectric solvent results in enhanced stability for ions in which the charges are widely dispersed. The existence of zwitterionic forms of gas-phase amino acids has been shown to be energetically unfavorable (41) (42) (43) . However, our value of Er greater than the vacuum permittivity is consistent with polarization occurring so that the contribution of partial negative charge on many sites may result in ions that have electrostatic distributions more similar to those in solution than our simple model indicates.
CONCLUSIONS
The distinct reactivity of the gas-phase folded and partially folded ions suggests that each of these ion populations is kinetically stable and, within the resolution of this method, 
